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EXPERIMENTAL STUDIES OF VORTEX FLOWS 
FINAL TECHNICAL REPORT: NASA GRANT NCC-2-284 

Covering Period F'rom March 1984 to May 1988 

Investigators: L. Roberts, R.D. Mehta and J.H. Bell 

Summary 

This final report describes the research work completed in the period of just over 
four years starting in March 1984 and funded by NASA Grant NCC-2-294 from the Fluid 
Dynamics Research Branch, NASA Ames Research Center. After a brief introduction of 
the main topics addressed by the completed research, the accomplishments are summarized 
in chronological order. Since most of the described work has been published in the open 
literature, individual results are not presented in this report. 

Introduction 

Vortex flows have always been an intrinsic part of practical aerodynamics. Over the 
years, the problems due to the slow decay of trailing vort.ices from aircraft wing-t,ips have 
received particular attention due to their direct importance to airport traffic control. In 
addition, the principle of boundary layer separation control by vortex generators has been 
known and used on aircraft wings since the 1940s. It. involves the generation of discrete 
longitudinal vortices near the surface so that mixing between the higher momentum exter- 
nal stream and the boundary layer is increased. However, with higher demands on aircraft 
performance in recent years, attention has also been focused on the interaction between 
a single, relatively strong vortex and the wing boundary layer and wake. One situation 
of particular interest is when the longitudinal vortex interacts with a separated boundary 
layer. Such interactions are becoming increasingly important in advanced aircraft tech- 
nology: highly maneuverable fighter aircraft utilize the vortex frorii a canard or strake to 
suppress or control boundary layer separation on the wing so that the necessary stability 
is sustained. Another example is in rotorcraft, where the blade goes through phases when 
the boundary layer is separated and this is then acted upon by the tip vortex shed from 
the blade ahead. 

Vortices are also an important part of many fundamental types of shear flows, such 
as mixing layers. The important role played by turbulent mixing layers in practical aero- 
dynamics is now well recognized. Mixing layers govern the rate of mixing in combustion 
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chambers and flow reactors, and are also responsible for most of the broadband noise 
generated in propulsion systems. The structure of a plane mixing layer is dominated by 
the presence of quasi-two-dimensional vortical structures. The formation of these span- 
wise structures is primarily caused by the inviscid Kelvin-Helmholtz instability. However, 
recent studies have also indicated the presence of distinct streamwise streaks which in 
cross-sectional views turned out to  be pairs of counter-rotating vortices. The origin and 
development of the streamwise vorticity has been investigated in some low Reynolds num- 
bers water channel experiments. However, it is not clear if these structures exist in the 
same form, and if they do, what role they play in the development of fully turbulent mixing 
layers at  higher Reynolds numbers, such as those more commonly encountered in practice. 
Also, there is a distinct lack of quantitative data on the detailed spanwise structure of 
plane mixing layers. 

Despite the obvious importance of vortex interactions in practical aerodynamics, there 
is a definite lack of experimental information detailed enough to guide the development of 
calculation methods. It is essential to obtain detailed and accurate measurements in such 
complex interactions if our basic understanding is to be improved so that new turbulence 
models and hence calculation methods may be developed. At present, our understand- 
ing and predictive capability for such complex flows, where the turbulence is no longer 
in equilibrium, is very limited. The present research program was instigated to obtain 
detailed measurements of mean and turbulence properties in vortex/turbulent shear layer 
interactions. 

. 

Accomplishments in t h e  First Year 

The majority of the time in the first, year of the grant was spent on the development 
of the hardware and software for a 3-component Laser Doppler Velocimeter (LDV). This 
system was developed for the nieasurenient. of the three components of velocity siniulat- 
neously, thus yielding all three components of mean velocity, all six components of the 
Reynolds stress tensor and higher order products. 

The 3-D LDV system utilized the blue and green lines from an argon-ion laser. A four 
beam matrix was obtained using a standard TSI optical system. The green line was then 
split in half using a dichroic filter, thus giving a third set of beanis which was directed 
over the top of the traversing mechanism and focused to intersect the main set of beams 
at an angle of about 45 degrees. Two velocities were hence measured directly, while the 
third channel contained a combination of the crossflow velocities. The scattered light was 
collected in the off-axis forward scatter mode using two collection lenses and three phto- 
multiplier tubes. Signal processing was accomplished with single-particle burst counters 
and the validated data was multiplexed through a NASA interface to a HP9845 computer. 
All the software for this system was developed in Basic and Assenibley languauges and 
included on-line data reduction and graphics capabilities. The accuracy of the data ob- 
tained with this system was assessed by comparing the measurements with those given by 
a cross-wire system in a vortex/mixing layer interaction set-up in the Shear Layer Wind 
Tunnel. It was found that while the mean velocities and normal stresses were adequately 
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measured with the 3-D LDV system, one of the shear stresses contained relatively large 
errors. The sources of the errors were identified and attempts were made to  resolve them. 
The full description of the system, toget her with recommended operating procedures, were 
published in an internal report (Ref. 1) and the comparisons of the measurements were 
presented at the ICIASF meeting (Ref. 2). 

A 2-D version of this system was used by Laura Rodman (Stanford University Grad- 
uate Student) for measurements in an axisymmetric wall jet. The instrumentation and 
supervision were provided for these experiments which were performed at NASA Ames. 
This work formed a part of Laura's Ph.D. Thesis. 

Accomplishments in  t h e  Second Year 

A detailed experimental study of forced plane mixing layers for conducted in the first 
part of this time period. A flap consisitng of an internal hinge and driven by a linear 
oscillator was used to excite the mixing layer at various frequencies. Flow visualization 
studies were conducted using the laser/smoke technique and included some real time video 
recordings. The results confirmed previous observations that the mixing layer growth rate 
and structure could be affected significantly by varying the forcing frequency (Ref. 3). 
Velocity measurements in forced and unforced mixing layers were also obtained using a 
2-D LDV system. The results for the unforced case were compared to previously obtained 
cross-wire data and reasonable agreement was found. The cross-wire data were also used 
to validate some Reynolds averaged Navier Stokes computations performed by Dr. L.S. 
King. The computations were particularly successful at  predicting the near-field evolution 
of the inixing layer which included the splitter plate wake effects. Quantitative results from 
a 2-D discrete vortex simulation performed by Dr. 0. Inoue were also compared to the 
measurements. The simulations were in excellent agreement with the experimental data 
for the forced cases. A unique paper was prepared which compared the two experimental 
and the two computational techniques (Refs. 4 and 5). 

An experimental study designed to investigate the main vortex and secondary flows 
produced by a double-branched vortex generator was conducted in the Unsteady Boundary 
Layer Wind Tunnel. Measurements were made on cross-plane grids at one streamwise 
location using a five-hole pressure probe. The most optimum configuration, consisting of 
end-plates aqd profiled extensions near the wing root, produced a single round primary 
vortex with Ggher circulation than typical delta-wing configurations (Refs. 6 and 7). 

The effects due to vortex meander in a vortex/boundary layer interaction were inves- 
tigated experimentally in the Boundary Layer Wind Tunnel (Ref. 8). Vortex meander was 
simulated by forcing a periodic lateral translation of the vortex generator at a very low 
frequency of 1 Hz and a half-amplitude of 0.5 cm. The effect of the forced meander was 
characterized by measurement of the apparent mean velocities and Reynolds stresses at 
two streamwise locations, for cases with and without forcing. The results showed that the 
effect of meander was to flatten the vorticity contours at a station where they were orig- 
inally round. However, the Reynolds stresses, especially u'w', were also affected, mainly 
through contributions from the individual production terms. Further downstream, where 
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the vortex had diffused substantially, the additional stresses were much smaller. 

Accomplishments in t h e  Third Year 

A subsonic experimental study was conducted to examine the mean and turbulent 
properties of a single longitudinal vortex generated by a half-delta wing (Refs. 9 and 10). 
Measurements were made on fine cross-plane grids at seven streamwise locations using 
hot cross-wires. The evaluated streamwise vorticity contours indicated that the initially 
distorted vortex at  a streamwise station equivalent to a half wing height became round 
by about t,hree wing heights. In this initial “transition” region, where the vortex was 
still rolling-up, the peak vorticity dropped by about 50% following a X - ’ / 2  decay. In 
this region, the generator wake remained distinct from the region of maximum vorticity, 
although the two regions were seen to slowly merge together. The Reynolds stress contours 
were also distorted initially with the maximum values occuring in the generator wake 
region, rather than in the vortex core, but these also decayed rapidly. Downstream of the 
transition region, the vortex appeared to reach an equilibrium state with the regions of 
maximum vorticity and turbulent kinetic energy coincident and the levels approximately 
constant with increasing streamwise distance. Comparison with previous data on vortices 
produced by double-branched generators further confirmed that the present vortex had 
achieved a fully developed state, and in a relatively short streamwise distance. 

As part of the overall design of a new mixing layer wind tunnel, an iterative design 
procedure was developed for two- or three-dimensional contractions installed on small, 
low-speed wind tunnels (Refs. 11, 12 and 13). The procedure consists of first computing 
the potential flow field and hence the pressure distributions along the walls of a contraction 
of given size and shape using a three-dimensional numerical panel method. The pressure 
or velocity distributions are then fed into two-dimensional boundary layer codes to predict 
the behavior of the boundary layers along the walls. For small, low-speed contractions 
it. is shown that the assumption of a laminar boundary layer originating from stagnation 
conditions at  the contraction entry and remaining laminar throughout passage through 
the ‘‘successU” designs is justified. This hypothesis was confirmed by comparing the 
predicted boundary layer data at the contraction exit with measured data in existing wind 
tunnels. The measured boundary layer momentum thicknesses at the exit of four existing 
contractions, two of which were 3-D, were found to  lie within 10% of the predicted values, 
with the predicted values generally lower. From the contraction wall shapes investigated, 
the one based on a fifth-order polynomial was selected for installation on the mixing layer 
wind tunnel. 

The detailed design of the mixing layer wind tunnel was completed in this time period 
and the blue prints were submitted to the contractors responsible for the tunnel construc- 
tion. The Shear Layer Wind Tunnel was moved to the Fluid Mechanics Laboratory and the 
data acquisiton and reduction hardware was upgraded to run on a MicroVax I1 computer. 
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Accomplishments in the Fourth Year 

Two major tasks were completed in this time period. The vortex/mixing layer exper- 
iment was completed in the old shear layer facilty and the new mixing layer tunnel was 
assembled and calibrated. 

An experiment was completed on the interaction of a single streamwise vortex embed- 
ded in a single-stream plane, turbulent mixing layer. The vortex was generated by placing 
a half-delta wing vortex generator on the floor of the tunnel settling chamber, downstream 
of the last screen. The single-stream mixing layer was generated at the top lip of the 
extended contraction section. Measurements were made on fine cross-plane grids at ten 
streamwise stations. All three components of mean velocity and the six components of 
the Reynolds stress tensor were measured using a hot cross-wire probe linked to a fully 
automated system driven by a Microvax 11 computer. The data show that initially the 
effect of the vortex is to  induce strong three-dimensionality in the mixing layer which leads 
to  the generation of significant secondary shear stresses. Further downstream, where the 
vortex has diffused, the secondary motions and stresses also tend to be diminished. The 
vortex had diffused completely by the end of the test section (X = 25 in) following a X-* 
decay. Some preliminary results were presented at the APS meeting in November, 1987 
(Ref. 14) and a more detailed paper will be presented at the First Fluid National Dynamics 
Congress in July, 1988 (Refs. 15 and 16). 

Final construction and assembly of the new mixing layer wind tunnel was completed in 
this year and the data acquisition and reduction systems were adapted to the new tunnel. 
The flow quality in the new tunnel has been fully investigated and a report describing the 
results is in preparation (Ref. 17). Measurements of the velocities, spectra and flow angles 
were obtained with pitot probes and hot-wires. The measured turbulence level ( u' /Ue)  
was about 0.15% with the mean flow uniform to within 0.5% and the crossflow angles less 
than 0.25 degrees. The splitter plate boundary layers were surveyed with a total pressure 
probe. Results indicate that the boundary layer remains laminar and two-dimensional on 
both sides of the splitter plate at velocities up to 15 m/s. The measured boundary layer 
properties agree to within 10% with predictions made using the new contraction layer 
design scheme. 

An experimental study, designed to investigate the spanwise (3-D) structure of a 
two-stream plane mixing layer, is being conducted in the new mixing layer wind tunnel. 
The main objective was to investigate the presence of streamwise structures (in counter- 
rotating vortex pairs) in this relatively high Reynolds number mixing layer. If present, the 
origin, development and persistence of these structures was to be investigated. The mixing 
layer (velocity ratio = 0.6) originates from laminar boundary layers and measurements are 
made on fine cross-plane grids at several streamwise stations with a pitot tube and a single 
rotatable cross-wire probe. The results obtained so far indicate that the instability, leading 
to  the formation of streamwise vortices, is triggered at  random spanwise locations at some 
distance downstream of the splitter plate edge. Further downstream, the vortices re-align 
to  form pairs of counter-rotating vortices. The vortices are found to grow in size, scaling 
with the mixing layer thickness, and the maximum vorticity diffuses with downstream 
distance. There is some evidence that the stuctures persist through to the self-sinlilar 

.5 



region, although they are very weak and large scale by this point. The results from this 
first phase of the experiment are being written up in Ref. 18. In the next phase of the study, 
spanwise disturbances will be introduced at the splitter plate edge so that the structures 
have a definite origin to lock-onto. 

To complement the experimental study, a 3-D discrete vortex filament simulation is 
being run on the Cray-XMP (Ref. 19). The program simulates a forced 3-D mixing layer 
using the Biot-Savart law. An initial spanwise disturbance is introduced in each vortex 
filament. to induce the three-dimensionality. A 2-D forcing is also imposed on the filaments 
in an effort to control the mixing layer growth rate. Initial results show that the 2-D 
forcing has indeed increased the initial growth rate (as per design) and the 3-D stretching 
of the spanwise disturbance has also increased as a consequence. 
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